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The industrial processes become more complex than before and many of them are continuous-time systems, such as continuous rolling process, the aircraft flight process and so on [1] [2] . Because of the complexity of the continuous processes, the models are often difficult to obtain from the mechanism modeling, it is necessary to use the identification method. Generally, the continuous-time identification falls into two distinguish categories: The indirect approach and direct approach [3] . The indirect approach basically view the situation at two points: First by using a non-parametric model like impulse response, step response or frequency response function. Second step is to estimate continuous time parameters from the estimated discrete time model. The drawbacks of the indirect approach are that the sampling time is difficult to select and zero pole conversion is not consistent. In contrast, the direct approach often approximates the derivative operator that is associated with input and output signal using a filter to identify the continuous-time models directly. Compared to the indirect approach, the direct approach is more superior and turns into focus of study [4] . Subspace identification is one of system identification algorithms for state-space modeling. The control workers may relieve completely from the tedious mechanism modeling and the accurate statespace model can be obtained when there is enough process input-output data [5] [6] . Model predictive control(MPC) has been attractive for decades in control theory field. It has become more established as the one of the choices for the control architecture in the industry, especially with the improvement of computational capabilities of processors [7] [8] . By combining the merits of subspace identification and MPC, subspace predictive control(SPC) was formed [9] [10] . It's very useful to design the direct controller of continuous-time systems which can create the favorable condition for the project implementation of SPC.
The subspace identification of continuous-time systems has been studied in a number of contributions. In [11] an approach for system identification of continuous-time stochastic state space models from random input-output continuous data was presented. The approach is based on the introduction of random distribution theory in describing (higher) time derivatives of stochastic processes, and the input-output algebraic Copyright ⓒ 2015 SERSC relationship is derived which is treated in the time-domain. Wu et al. [12] solved the continuous-time identification for errors-in-variables based on the linear filter method and principal component analysis. Bergamasco and Lovera [13] dealt with the problem of continuous-time model identification and presented two subspace-based algorithms capable of dealing with data generated by systems operating in closed loop. These methods only solve the identification problem. In this paper, we extend continuous-time subspace identification to design the predictive controller using subspace predictors.
In this brief, different from previous works, a novel subspace predictive control method is developed for continuous-time systems. The continuous-time system is first transformed into the Laguerre form to obtain the subspace prediction output. The subspace predictors are derived from input-output and Laguerre matrices, then they are used to design the predictive controller. Superior control performance is obtained than adopting discrete-time subspace identification method for continuous-time systems.
The paper is arranged as follows. Section 2 provides the subspace prediction output for continuous-time system. Section 3 gives the SPC method for continuous-time system. The control method is simulated in Section 4. Section 5 ends with the conclusions.
Subspace Prediction Output for Continuous-Time Systems
Consider a continuous-time state-space system described by stochastic form
where () 
where 0 a  is the scaling factor to ensure that the filters are stable. Define a w -operator that corresponds to the all-pass Laguerre filter which has the form () sa ws sa
Through multiplication, the system can be transformed as follows [14] , 
and 0 x is the initial state of the original continuous-time system. The subspace prediction output of the continuous-time system can be derived by recursive substitution of Eqs. (6)- (7): 
Subspace Predictive Control for Continuous-Time Systems
Construct the following input-output and Laguerre matrices with N samples through subspace prediction output:
where the subscripts p and f represent the 'past' and 'future' time, R is a low triangular matrix, and Q is an orthogonal matrix. And
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where w L is the subspace predictor that corresponds to the past input-output data and u L is the subspace predictor that corresponds to the future input data.
Implement the orthogonal projection, we can get
where superscript † represents the Moore-Penrose pseudo-inverse. Next, the subspace predictors are used to design predictive controller.
A typical form of cost function in MPC is given as follows: (1 :
, :) 
At the next time step, measuring the new input-output data and the new control input will be calculated using above optimization.
Simulation Example
The fermentation bioreactor system is a typical continuous-time system. Among the bioreactors, the alcohol fermentation is one of the most important biochemical processes, the system diagram shown in Figure 1 [15] . 
Figure 1. Fermentation Bioreactor System Diagram
Maintaining the balance of the volume, mass, and energy, t he nonlinear differential equations of this system can be described as follows:
3 ) ( 2 7 3 ) changes from 18 / lh to 9 / lh , the open-loop response of the system is shown in Figure 2 . It's showed strong nonlinearity in system and it's not easy to control the system to obtain the satisfying performance. The product quality depends on the reactor temperature r T , so the target is set for r T tracking the reference signal in the system. Firstly, we used the continuous -time subspace method(CSM) in this paper and the discrete-time subspace method(DSM) in [10] . The input Then, the identified models were used to design the predictive controllers. The parameters of continuous-time subspace predictive control(CSPC) method were tuned as follows. The prediction and control horizon 2 For comparison, the discrete-time subspace predictive control(DSPC) method in [10] and a PID controller were selected as competitors to compare the tracking capability. Figure 4 depicts the tracking comparison of these three controllers, where 'Ref' is set point value. It can be depicted that CSPC shows the favorable control performance and has a better tracking ability compared to DSPC and PID.
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Conclusions
In this paper, the design of a subspace predictive controller for continuous-time systems has been addressed. The Laguerre filters are used to get the subspace prediction output. Then, the subspace predictors are obtained from input-output and Laguerre matrices, and the subspace predictive controller is designed using the subspace predictors. By simulation studies for the bioreactor example its performance has been proved to be efficient by comparing with other methods.
